The incidence of squamous cell carcinoma of the oropharynx (SCCOP) continues to rise because of increasing rates of human papillomavirus (HPV) infection. Inherited polymorphisms in DNA repair pathways may influence the risk of SCCOP development and the prognosis of SCCOP. We sought to determine whether polymorphisms in microRNA (miRNA)-binding sites within 3 0 -untranslated regions (3'UTRs) of genes in DNA repair pathways modulate the risk of SCCOP recurrence. We evaluated the associations between nine such polymorphisms and SCCOP recurrence in 1,008 patients with incident SCCOP using the log-rank test and multivariable Cox models. In an analysis of all the patients, patients with variant genotypes of BRCA1 rs12516 and RAD51 rs7180135 had better disease-free survival (log-rank, p 5 0.0002 and p 5 0.0003, respectively) and lower risk of SCCOP recurrence (hazard ratio [HR], 0.5, 95% confidence interval [CI], 0.2-0.8, and HR, 0.5, 95% CI, 0.3-0.9, respectively) than patients with common homozygous genotypes of the two polymorphisms after multivariable adjustment. Moreover, in tumor HPV16-positive patients, patients with variant genotypes of the same two polymorphisms also had better disease-free survival (log-rank, p 5 0.004 and p 5 0.003, respectively) and lower recurrence risk (HR, 0.2, 95% CI, 0.1-0.6, and HR, 0.2, 95% CI, 0.0-0.7, respectively) than patients with common homozygous genotypes of the two polymorphisms. No such significant associations were found for other polymorphisms. These findings support significant roles of BRCA1 rs12516 and RAD51 rs7180135 in modifying the risk of recurrence of SCCOP, particularly HPV16-positive SCCOP. However, these results must be validated in larger studies.
factors may affect an individual's susceptibility to SCCOP recurrence. 4 Upon DNA damage, which can be caused by various endogenous and exogenous stimuli, damage repair responses activate specific signaling networks that are involved in DNA damage signaling, cell cycle regulation, and apoptosis to preserve genomic integrity. 5, 6 Thus, genetic alterations, such as genetic polymorphisms, in DNA repair pathways may affect not only cancer risk but also the patient's response to therapy, including chemotherapy and radiotherapy, leading to differences in recurrence and survival. 7, 8 Many studies have shown that microRNAs (miRNAs) play key roles in the regulation of DNA damage repair. 9, 10 MiRNAs are single-stranded noncoding RNAs that pair with target mRNAs at the 3 0 -untranslated region (3 0 -UTR) and thereby cause cleavage of mRNA or suppression of translation; in this way, miRNAs regulate gene expression. 11, 12 MiRNA-mediated gene silencing has been shown to modulate the activity of DNA repair pathways. 7 Studies have shown that polymorphisms in predicted miRNA-binding sites in genes implicated in DNA double strand break (DSB) repair can influence the risk of and prognosis of several types of cancer. [13] [14] [15] [16] However, to our knowledge, there are no large studies have examined the association between polymorphisms in miRNA-binding sites of DNA DSB repair genes and the risk of recurrence of SCCOP. In this study, we performed bioinformatics prediction and the determination of the Gibbs free energy for selection of SNPs in the DNA DSB repair pathway genes. 13 The identified SNPs were located within these putative miRNA-binding sites at the 3 0 -UTR of the DSB repair genes with potential functions, which might modify the binding ability of miRNAs, leading to different DSB gene expression or different DNA repair capacity. Moreover, these selected SNPs had a minor allele frequency (MAF) of 0.05 in European populations. The objective of the present study was to determine the extent to which polymorphism in miRNAbinding sites within 3'UTRs of genes involved in DNA DSB repair pathways modulate the risk of recurrence of SCCOP.
Material and Methods

Study subjects
This analysis was conducted in patients with SCCOP consecutively recruited between May 1995 and April 2010 as part of a molecular epidemiologic study at The University of Texas, MD Anderson Cancer Center, as described previously. 17 Briefly, the study was open to all patients with newly diagnosed, histopathologically confirmed, previously untreated SCCOP regardless of age, sex, ethnicity, or cancer stage; patients younger than 18 years of age or with distant metastasis were excluded. At initial presentation to MD Anderson, patients were interviewed regarding demographic, epidemiologic, and clinical characteristics, and blood samples were obtained for genetic testing. Approximately 95% of contacted patients consented to enrollment in the study. All subjects signed an informed consent form, and the study protocol was approved by the MD Anderson Institutional Review Board. During and after treatment, patients had regularly scheduled clinical and radiographic examinations. The frequency of imaging studies and the specific imaging studies performed were at the discretion of each patient's treatment team. Typically, patients had routine serial imaging supplemented as needed with extra imaging studies to investigate any symptoms or findings of concern on physical examination.
Assessment of baseline characteristics, treatment, and recurrence
Patient, tumor, and treatment characteristics for this analysis were obtained through review of medical records. Clinical stage at presentation of the index tumor was dichotomized into early stage (clinical stage I and II) and late stage (clinical stage III and IV). Treatment was dichotomized into treatment with surgery, radiotherapy, and chemotherapy or with just one or two of these modalities. Patients were classified as "ever drinkers" (those who had drunk at least one alcoholic beverage per week for at least 1 year) or "never drinkers" (those who had never had such a pattern of drinking). Patients were also classified as "ever smokers" (those who had smoked at least 100 cigarettes in their lifetime) or "never smokers" (those who had smoked fewer than 100 cigarettes in their lifetime).
Disease recurrence was defined as appearance of a new lesion of the same histology verified by biopsy (incisional, excisional, or needle biopsy) or reappearance of any lesion that had disappeared. Recurrences resulting from spread of tumor cells through the bloodstream (e.g., to the lung, esophagus, gastrointestinal, bone, or brain) were defined as distant recurrences, recurrences in the regional lymph nodes were defined as regional recurrences, and recurrences in the mucosa or soft tissue in or adjacent to the site of the primary tumor were defined as local recurrences. Freedom from disease was defined as absence of disease documented at the What's new? Two polymorphisms have been identified in DNA repair pathways that affect the recurrence risk of oral cancer. Cases of squamous cell carcinoma of the oropharynx (SCCOP) are on the rise, partially due to increasing rates of HPV infection, and these cancers frequently come back after treatment. In this study, the authors investigated polymorphisms in miRNA binding sequences in DNA damage repair genes, seeking a genetic explanation for recurrence risk. They found that patients, particularly those positive for HPV-16, carrying variant genotypes in BRCA1 rs12516 and RAD51 rs7180135 had better disease-free survival and lower recurrence rate than those carrying homozygous genotypes.
date of the last visit with the head and neck surgeon, head and neck radiation oncologist, or head and neck medical oncologist.
Selection and genotyping of study SNPs
Several single-nucleotide polymorphisms (SNPs) within miRNA-binding sites in the 3'UTRs of DNA DSB repair genes have been reported, and these SNPs were identified using the methods for identifying putative miRNA-binding sites, as previously described. 13, 14 The miRNA target prediction was performed by either using available online bioinformatics tools or monitoring other SNP databases and related literature. 13, 14 As part of the molecular genetic study in which patients in the present analysis were enrolled, genomic DNA was extracted from the buffy coat of whole blood samples before treatment using the Qiagen DNA Blood Mini Kit (Qiagen Inc.) per the manufacturer's instructions. These DNA samples were used to genotype for nine potentially functional SNPs within miRNAbinding sites in the 3'UTRs of DNA DSB repair genes using TaqMan technology. The nine SNPs selected were those with a minor allele frequency 10% in our SCCOP patient population. Ten percent of samples were randomly selected for repeat assay, and results of initial and repeat assays were concordant in all cases.
Determination of tumor HPV16 status and BRCA1 and RAD51 protein expression
It is now standard clinical practice at MD Anderson that the pathology laboratory classifies all SCCOP specimens as being positive or negative for high-risk HPV by both in situ hybridization (ISH) and p16 immunohistochemistry (IHC). These data are now part of the patient's clinical record and the pathology laboratory's description of SCCOP biopsy specimens. Consequently, data on tumor HPV status of SCCOP patients are clinically available for most of our study patients. For SCCOP patients with missing data on tumor HPV status, in-house paraffin-embedded tissues were obtained or, where necessary, tissue blocks from outside institutions were requested, and these tissues were subjected to tumor HPV determination. Tumor HPV16 status was determined from paraffin-embedded tissue biopsy specimens or surgical specimens, when available. DNA was extracted from tissue specimens and analyzed for HPV16 using PCR and confirmed by ISH, as described previously. 18 For quality control, 10% of randomly selected samples were re-assayed for tumor HPV16 status; the re-run results reached a 100% concordance with the original results.
Additionally, a total of 64 SCCOP patients were selected with tumor specimens available for the immunohistochemistry (IHC) as shown in Figure 1 . Paraffin blocks from SCCOP specimens were sectioned into 4 mM thick sections. The IHC analysis followed previously described methodology with modification. 19 The slides were deparafinized with xylene and dehydrated with ethanol. Antigen retrieval was performed by microwave heating methods in pretreatment solution. Avidin/biotin blocking solution was used to prevent nonspecific binding of antibodies. These sections were incubated with anti-BRCA1 antibody (1:100 dilution, ab16780, Abcam, Cambridge, MA) and anti-RAD51 antibody (1:50 clone 51RAD01, Abcam, Cambridge, MA). The sections were then reviewed 
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and categorized under a microscope as positively or negatively stained (section with 10% positively stained tumor cells were considered to be positively stained). 19 
Statistical analysis
Student's t-test was used to compare the mean age and follow-up time for patients with and without recurrence. The v 2 test was used to evaluate differences in ethnicity, sex, smoking status, alcohol use status, index tumor site, disease stage, comorbidity, treatment, and genotype distributions between patients with and without recurrence. Time to recurrence, the primary endpoint of the study, was computed from the date of presentation to the date of clinically detectable recurrence (local, regional, or distant). Participants who were recurrence free or lost to follow-up were considered censored. Kaplan-Meier survival curves and log-minus-log survival plots were also examined, and the data were confirmed to be consistent with the assumptions of the Cox proportional hazards regression model. The log-rank test was used to determine the associations between different variables and diseasefree survival (DFS). Associations of SNPs in DNA DSB repair genes with SCCOP recurrence risk were estimated using hazard ratios (HRs) and 95% confidence intervals (CIs) among all patients in the study and among patients with HPV16-positive tumors. The multivariable Cox models were fully adjusted for major confounders, including age, sex, ethnicity, smoking and alcohol use status, stage, comorbidity and treatment. The v 2 test or Z test was used for BRCA1 and RAD51 comparison of expression levels between the genotypes of the polymorphisms. For all analyses, statistical significance was set at p < 0.05, and all tests were two-sided. SAS software (version 9.4; SAS Institute) was used to perform all statistical analyses.
Results
A total of 1,226 patients with SCCOP were enrolled during the study period. Of these patients, 218 were excluded from our analysis because follow-up or treatment data were missing or no blood sample was available for genotyping. Therefore, a total of 1,008 patients with incident SCCOP were included in the final analysis. The follow-up of these patients occurred from May 1995 to October 2013. The median follow-up duration for all 1,008 patients was 44.7 months (range, 1.7-170.9 months). During follow-up, 181 patients had disease recurrence. The median follow-up duration for the patients with recurrence was 11.6 months; the median follow-up duration for the patients without recurrence was 50.9 months.
Patient characteristics and 5-year recurrence rates by patient subgroup were shown in Table 1 . There were significant differences in DFS between the subgroups defined on the basis of age, ethnicity, smoking status, alcohol use status, comorbidity, and treatment (log-rank, all p < 0.05); DFS did not differ significantly between men and women or between the two groups of treatment. In our study population, the majority of patients were male and non-Hispanic white.
As shown in Figure 2 , patients with the BRCA1 rs12516 and RAD51 rs7180135 variant genotypes had significantly better DFS than patients with the corresponding common homozygous genotypes among all SCCOP patients (log-rank, p 5 0.0002 and p 5 0.0003, respectively) and among SCCOP patients with HPV16-positive tumors (log-rank, p 5 0.004 and p 5 0.003, respectively).
As shown in Table 2 , patients with the BRCA1 rs12516 and RAD51 rs7180135 variant genotypes had a significantly lower risk of disease recurrence than patients with the corresponding common homozygous genotypes (HR 5 0.5, 95% CI 0.2-0.8, and HR 5 0.5, 95% CI 0.3-0.9, respectively). No such significant associations were observed for the other seven polymorphisms in DNA DSB repair genes.
Patient stratification by both HPV status and genetic alterations will be central to appropriate treatment selection. Therefore, we further evaluated the associations between these polymorphisms and risk of recurrence in SCCOP patients with HPV16-positive tumors. As shown in Table 3 , patients with HPV16-positive SCCOP with BRCA1 rs12516 and RAD51 rs7180135 variant genotypes had a significantly lower risk of disease recurrence than patients with the corresponding common homozygous genotypes (HR 5 0.2, 95% CI 0.1-0.6, and HR 5 0.2, 95% CI 0.0-0.7, respectively). No such significant associations were observed for the other seven polymorphisms in DNA DSB repair genes.
To further characterize the potentially functional relevance of these two significant polymorphisms, we performed correlation analyses between tumor BRCA1 and RAD51 protein expression by IHC and genotypes of BRCA1 rs12516 and RAD51 rs7180135 polymorphisms among a subset of 64 SCCOP patients. As shown in Figure 3 , among 64 SCCOP patients, we found that 50 cases were HPV16-positive tumors and 14 had HPV16-negative tumors. In all patients, we found that the BRCA1 rs12516 CC genotype had a significantly higher BRCA1 protein expression than BRCA1 rs12516 CT/ TT variant genotypes (p 5 0.036), while RAD51 rs7180135 AA genotype had a borderline significantly higher RAD51 protein expression than RAD51 rs7180135 AG/GG variant genotypes (p 5 0.057) (Fig. 3) . Furthermore, in 50 HPV16-positive patients only, the patterns of above significant associations of these two SNPs with their protein expression remained. BRCA1 rs12516 CC genotype had a significantly higher BRCA1 protein expression than BRCA1 rs12516 CT/ TT genotypes (p 5 0.021); and RAD51 rs7180135 AA genotype had a borderline significantly higher RAD51 protein expression than RAD51 rs7180135 AG/GG genotypes (p 5 0.053) (Fig. 3) .
Discussion
In this study, we assessed the roles of polymorphisms in miRNA-binding sites within 3'UTRs of genes specifically involved in DNA DSB repair pathways in modulating the recurrence of SCCOP. We found that genotypic variations at BRCA1 rs12516 and RAD51 rs7180135 were significantly associated with a reduced risk of disease recurrence, particularly in patients with HPV16-positive SCCOP.
BRCA1 is required for efficient repair of DSBs through the homology-directed repair pathway in DNA damage response. 20, 21 It plays an mutually exclusive role in selecting between the homology-directed repair and nonhomologous end joining DSB repair pathways. 22 Deregulation of BRCA1 reduces DNA repair capacity and increases the susceptibility of cancer cells to DNA-damaging agents, including chemotherapy and radiotherapy. 23, 24 Although many studies have explored the relationships between BRCA1 and miRNAs, 25 few have focused on the roles of genetic variants in the miRNA-binding sites of the BRCA1 3'UTR. A Thai study in women found a reduced breast cancer recurrence rate in association with two polymorphic sites alleles in the BRCA1 3'UTR: 5711 1 421 (G or T) and 5711 1 1286 (C or T). 26 Another study showed that the BRCA1 rs12516 polymorphism resulted in increased risk of early-onset and/or familial breast cancer in the Turkish population. These results indicated that this polymorphism in BRCA1 may function in the development of breast cancer. 27 In contrast, in this study, SCCOP patients with the variant genotypes of BRCA1 rs12516 had a significantly reduced risk of disease recurrence. Our finding may support that this polymorphism in the 3'UTR of BRCA1 alters the ability of miRNA to bind to the BRCA1 3'UTR and leads to loss of certain functions of BRCA1. Recently, BRCA1 rs12516 has been shown to have several potential miRNAs for binding. Bioinformatics analysis and SNP function prediction demonstrated that the site of BRCA1 Abbreviations: X, radiotherapy; C, chemotherapy; S, surgery (for treatment purpose).
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rs12516 C-to-T transition had six potential binding miRNAs: hsa-miR-188-5p, hsa-miR-502-5p, hsa-miR-557, hsa-miR-623, hsa-miR-637, and hsa-miR-639. 28 Among these miRNAs, miRNA-188 was downregulated in oral squamous cell carcinoma and inhibited proliferation and invasion by targeting SIX1.
29 Similar functions of miRNA-188 were found in other types of cancer, including prostate cancer, hepatocellular carcinoma, and acute myeloid leukemia. [30] [31] [32] Another miRNA, miR-639, was found to have an oncogenic role in human tongue cancer and breast cancer. 33, 34 Further studies are recommended to explore the roles of these miRNAs in outcome and to elucidate the mechanisms underlying the associations.
RAD51, like BRCA1, is essential for catalyzing homologous recombination. Recruitment of RAD51 to DSBs is mediated by many factors, including BRCA1. Overexpression of RAD51 is associated with a more aggressive cancer phenotype and treatment resistance in a variety of tumors, while downregulation of RAD51 reduces the efficiency of DNA repair and thus improves sensitivity to radiotherapy and chemotherapy. 35, 36 Our studies showed that SCCOP patients with the RAD51 rs7180135 variant genotypes had a significantly reduced risk of disease recurrence. Similar findings have been reported in other types of cancer. Improved survival was associated with RAD51 rs7180135 G allele in human bladder cancer. 13 This study suggested that the binding of miR-197 to RAD51 rs7180135 might alter miR-197-mRNA-binding and might predict sensitivity of tumors to radiotherapy, thus affecting outcomes in bladder cancer. 13 Several other miRNAs have previously been shown to target RAD51 and inhibit its role in homologous recombination repair, including miRNA-182, miR-155, miR-103, and miR-107 in several types of human cancer. [37] [38] [39] In addition, miR-182 can impede DNA repair and may increase the susceptibility of breast cancer to radiotherapy and chemotherapy through downregulation of BRCA1. HPV-positive SCCOP is more sensitive to radiotherapy than HPV-negative SCCOP.
3,41 Impaired DNA DSB repair in both the nonhomologous end joining and homologous recombination pathways may underlie the enhanced sensitivity of HPV-positive head and neck cancers to treatment. 42 Our findings from this study showed that SCCOP patients, particularly patients with HPV16-positive SCCOP, with BRCA1 rs12516 and RAD51 rs7180135 variant genotypes had significantly better DFS and reduced risk of disease recurrence. These findings are biologically plausible since almost every SCCOP patient in our study underwent definitive radiotherapy or chemoradiotherapy and such treatments lead to DNA DSB damage, which is repaired by DNA DSB repair pathways. HPV16-positive tumors, particularly in never smokers, rarely exhibit somatic mutations of TP53. Tumors harboring intact p53 might activate DNA repair pathways, and these patients who received radiotherapy or chemoradiotherapy seem to be correlated with response to radiotherapy partially because of activation of the p53-mediated repair pathway. Therefore, genetic variants of BRCA1 rs12516 and RAD51 rs7180135 may cause different expression of these two genes and lead to interindividual differences in DNA repair capacity phenotype. Such differences in turn may result in different susceptibility to the genotoxic effects of radiation, resulting in different clinical outcomes.
To date, no investigations on functional relevance of BRCA1 rs12516 and RAD51 rs7180135 polymorphisms have been reported. Since these two polymorphisms are within the functional regions of the 3 0 -UTR of these two genes, the variant genotypes of these two polymorphisms might have potentially function to decrease expression levels of these two DNA repair proteins, thus leading to better outcome. In fact, in this study, we found that BRCA1 rs12516 and RAD51 rs7180135 polymorphisms significantly or borderline significantly affected expression of their protein levels in SCCOP patients, particularly HPV16-positive patients. Thus, our results could partially suggest a functional correlation between these two polymorphism and their protein expressions, which may provide preliminary evidence of biological plausibility for the associations.
Although the exact molecular mechanisms of these two variants in the double-strand break (DSB) repair pathway is still largely uncertain, the biological plausibility of significance for these two SNPs could be because (i) the expression level or biological function of these two genes could be determinant for the entire DNA repair process they are belonging to the process; (ii) these two SNPs might affect either biological function or expression level of the gene of interest; and (iii) these two SNPs might not directly affect the DNA repair function, while it may be in linkage disequilibrium with other known or unknown functional polymorphisms or adjacent susceptibility loci of the gene, thereby affecting this gene expression and activity. For example, in this study, the BRCA1 rs12516 and RAD51 rs7180135 variant genotypes might have an increased miRNA-mRNA binding ability and a decreased BRCA1 and RAD51 expression. Such lower levels of DNA repair proteins would cause reduced DNA repair and increased cancer risk. However, in tumors with radiotherapy or chemoradiotherapy, we speculate that the reduced DNA repair proteins may provide a favorable advantage for tumor cells to die, leading to reduced risk of cancer recurrence. Therefore, the altered BRCA1 and RAD51 expression caused by BRCA1 rs12516 and RAD51 rs7180135 might modify the susceptibility to radiotherapy or chemoradiotherapy. This modification effect thus influence risk of SCCOP recurrence.
Our study has several limitations. First, because the study was hospital based and retrospective, it is subject to selection bias. Second, results may not be generalizable to other ethnic groups since most of patients in the study were non-Hispanic whites. Third, the small sample size, limited number of outcome events, and short follow-up time might cause chance findings. Finally, some HPV16-positive SCCOP may be negative for p16 expression, It is likely that the some HPV16-positive SCCOP that failed to express p16 was not driven by HPV, but HPV was just an incidental bystander in that tumor. 43 This discordance could occur between HPV status and p16 expression since some events (e.g., mutation, deletion, other epigenetic changes, etc.) may impact the p16, leading to biased estimation of the associations.
In conclusion, we believe this is the first comprehensive study investigating the roles of genetic variants in miRNAbinding sites of DNA DSB repair genes in recurrence of SCCOP. We found that genetic variants of BRCA1 rs12516 and RAD51 rs7180135 significantly reduced the risk of recurrence of SCCOP, particularly HPV16-positive SCCOP. Although our findings require validation in further studies, these miRNArelated SNPs might serve as prognostic biomarkers for patients with SCCOP.
